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Abstract 
The resist filling behavior is crucial to the quality of the final imprinted pattern in NIL. A numerical model was built to predict the 
resist filling process. The effect of the duty ratio of recessed feature on the cross-sectional profile of imprinted resist and the filling 
mode of resist from double-peak to single-peak mode were analyzed. A three-dimensional defocusing digital particle image 
velocimetry system was set up to verify the correctness of simulation results. The research results will help to understand the resist 
filling mechanism and provide useful instruction for selection of process parameters and mold structure optimization.  
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1. Introduction 
As a versatile, cost effective, flexible and high-
throughput method for the fabrication of micro / nano 
structures over large areas, the nanoimprint lithography 
(NIL) is hopeful to be an alternative for the conventional 
photolithography process [1]. Compared with thermal 
NIL, ultra violet nanoimprint lithography (UV-NIL) can 
obtain nano-scale patterns more quickly. The low 
viscosity resist used in UV-NIL is favorable to improve 
the fluidity of resist and reduce required imprinting force 
and operation time. In addition, a flexible mold can 
significantly increase the adaptability of the mold to a 
wavy substrate, which will be helpful to obtain 
homogeneous residual layer thickness.  
Although the current UV-NIL technique has been 
utilized to fabricate photonic and optical components 
[2], there still exist some problems to be solved urgently, 
such as bubble trapping [3-4], mold deformation [5] and 
the in-depth understanding of resist filling mechanisms. 
Among all these problems, the understanding of the 
filling behavior of a UV-curable resist seems especially 
important [6], because it directly affects the quality of 
the replicated patterns and the productivity of UV-NIL 
process. Exiting research means with regard to the filling 
behavior of thin resist films mainly include experimental 
approaches [7-9], simplified theoretical models [10-11], 
and numerical simulations [12-14], but these means only 
focus on the process of thermal NIL.  
In the present studyˈto investigate the resist flow 
and filling behavior in the UV imprinting filling process, 
CFD has been employed to simulate and predict the 
filling profile. Some influencing factors such as mold 
geometries were analyzed.  
To test the validity of the numerical model, the 
simulated results were compared with the experimental 
results. A non-intrusive three-dimensional imaging 
system based on the defocusing concept introduced by 
Willert and Gharib [15] was set up to achieve the micro-
scale velocity field. We applied the system to describe 
the flow field inside the resist. The path line distribution 
in the resist flow field was compared with simulation 
results and the agreement between model predictions 
and experimental results verified that the numerical 
model is capable of revealing the transport mechanism 
of resist in the imprinting process accurately and 
efficiently. Therefore, numerical model can be regarded 
as a valuable reference in providing guidance for the 
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selection of imprinting process parameters and the mold 
structure design.  
2. Numerical model 
In UV-NIL, the mold recesses should be completely 
filled as soon as possible. A numerical investigation on 
the squeeze flow of the resist film into mold recesses is 
helpful to improve process and shorten the imprint time. 
In this article, a computational method based on the 
semi-implicit pressure-linked equation (SIMPLE) 
algorithm was adopted to solve N-S equations. The 
volume of fluid (VOF) method was employed to 
describe the free surface, and the piecewise linear 
interface construction (PLIC) scheme was applied to free 
surface reconstruction. The flow behavior of resist can 
be obtained by solving the following continuity, 
momentum and energy conservation equations.  
Mass conservation equation:  
D
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U  + uU  = 0 (1) 
Momentum conservation equation:  
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Dt
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where σ = -PI + 2μD. 
Energy conservation equation:  
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In the above equations, t is the time, u is the velocity, 
ρ is the density, μ is the dynamic viscosity, f is the body 
force and σ denotes the stress.  
VOF method was used to reconstruct the free surface 
between air and resist. In this method, the continuity 
equation is 
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where ρq and αq are the density of each phase and the 
volumetric ratio in one cell, respectively. The 
momentum and constitutive equations are 
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where η, ηq and fσ are the mean viscosity, the viscosity of 
each phase, and the momentum terms due to surface 
tension, respectively.  
Surface tension plays an important role due to the size 
effect in UV-NIL. The surface stress boundary condition 
at an interface between two fluids is given as 
( 1p  - 2p  + VN ) ni = ( 1ikW  - 2ikW ) nk + x
Vw
w  (7) 
where σ is the fluid surface tension coefficient, pq is the 
pressure of fluid q (q=1, 2), ταik is the viscous stress 
tensor, ni is the unit normal at the interface, and κ is the 
local surface curvature (κ = 11R  + 12R ), R1 and R2 are 
the principal curvature radius of the interface.  
Wall adhesion property is reflected in the numerical 
model through the contact angle:  
n = nw cosT  + t sinT  (8) 
where θ is the contact angle between wall and resist, nw 
is the unit vector normal to the mold surface, tw is the 
unit vector tangent to the wall.  
2.1. Geometry and boundary conditions 
We selected a half of one element form the 
periodically repeated patterns as the computation domain 
and applied symmetric boundary along both sides of the 
computation domain, as shown in Figure 1. P is the 
uniformly distributed imprinting force applied to the 
back side of the mold.  
 
 
Fig. 1. Geometry of computation domain and boundary conditions 
To facilitate the quantitative research on the effect of 
mold geometries, dimensionless number ratios, such as 
depth-width ratio (DWR) and thickness ratio (TR), were 
introduced. These ratios mainly described the geometric 
features of mold structure.  
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In Figure 1, W, L hr and ha are the half width of 
recessed feature, half width of mold, initial thickness of 
the resist, and the height of recessed feature, 
respectively. The half widths of recessed feature were 
200, 250, 300 nm, and the initial thicknesses of the resist 
film were 100, 125, 150 and 200 nm. Numerical 
investigations combining the above parameters were 
conducted, as listed in Table 1.  
Measured static contact angles at upper and lower 
contact surfaces were θ (102.5°) and θs (30°), 
respectively.  
Table 1. Twelve combinations of simulation parameters (DR and TR). 
In all cases, the values of L and ha are fixed to 800 and 200 nm, 
respectively 
TR DR=0.5 
(DWR=1) 
DR=0.625 
(DWR=4/5) 
DR=0.75 
(DWR=2/3) 
1 W/2=200 nm 
hr=200 nm 
W/2=250 nm 
hr=200 nm 
W/2=300 nm 
hr=200 nm 
8/5 W/2=200 nm 
hr=125 nm 
W/2=250 nm 
hr=125 nm 
W/2=300 nm 
hr=125 nm 
4/3 W/2=200 nm 
hr=150 nm 
W/2=250 nm 
hr=150 nm 
W/2=300 nm 
hr=150 nm 
2 W/2=200 nm 
hr=100 nm 
W/2=250 nm 
hr=100 nm 
W/2=300 nm 
hr=100 nm 
2.2. Material properties 
It was assumed that the filling process is isothermal 
and the substrate is fixed. Table 2 lists the material 
parameters.  
Table 2. Material parameters 
physical properties resist air quartz 
mold 
density (kg/m3) 1220 1.1614 2650 
viscosity (mPa.s) 23.6 1.846e-2 ˉ 
surface tension 
(mN/m) 
40.37 ˉ ˉ 
elastic modulus 
(MPa) 
ˉ ˉ 77.8e3 
poisson’s ratio ˉ ˉ 0.17 
3. Experimental method 
3.1. Experimental setup 
A diagram of the experimental setup is shown in 
Figure 2. The optical system consists of an inverted 
fluorescence microscope, a three-pinhole aperture mask, 
an excitation source of monochromator and a high-
sensibility cool CCD camera. The inverted microscope 
(Nikon® Eclipse Ti-S) was used to implement the 
defocusing technique. The aperture mask with three 
pinholes forming an equilateral triangle was attached to 
the back of a 20× objective lens (Nikon® Plan Apo. 
NA=0.75). The diameter of the pinholes was 3 mm and 
the separation between each two pinholes was 6.5 mm. 
In the experiment, the focus knob was locked. The 
electric stage (500 nm resolution) was used for the 
adjustment in Z direction. In order to improve the image 
contrast, 500 nm fluorescent microspheres (BaseLine 
ChromTech Research Centre®) were chosen as the 
tracing particles. The 488 nm spectral line with 35 mW 
average optical power was used to excite the fluorescent 
microspheres and the maximum emission wavelength is 
518 nm, so the whole field of the measurement domain 
was illuminated. Time series of defocused images were 
recorded using a high-sensibility cool CCD camera with 
512 × 512 pixel resolution (Hamamatsu Photonics K.K., 
ORCA®-R2). The frame rate was 28.4 frames per 
second.  
 
 
Fig. 2. Diagram of the μDDPIV experimental setup 
3.2. Experimental procedure 
As a most important unknown parameter, the distance 
L between the focal plane and the aperture plane is 
determined by calibrating the μDDPIV system, some 
fluorescent microspheres with 1 μm diameter were 
firstly used as the calibration targets.  
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Fig. 3. Image processing 
Fig 3 describes the image processing procedure. A 
group of particle grey images was recorded. The 
resulting image (shown in Figure 3) was then subtracted 
form the particle image. Further processing includes 
low-pass filtering, particle sub-pixel detection, particle 
2D Gaussian modeling and noise particle removal.  
4. Result and discussion 
4.1. Effect of mold structure 
A simulated cross-sectional profile of the resist is 
shown in Figure 4, hc is the residual film thickness, h is 
the height of profile from the peak of the protrusion 
feature, lp is the distance from the peak point of the 
profile to the symmetric center line.  
Three different groups of the initial resist thickness 
were adopted in numerical model, h and lp versus filling 
time for different DWR values were shown in Figure 5. 
hc
h
lp
 
Fig. 4. Cross-sectional profiles of filling resist 
For a relatively thick initial resist (hr=200 nm), Fig 
5(a) and (b) show the influences of DWR on the peak 
height and the distance of peak-to-symmetric center line. 
In this case, the peak height increased approximately 
linearly at first, and then the increase rate became 
smaller as the filling process proceeded. For DWR=4:5 
and DWR=2:3, little change occurred in the slope of the 
curve until the filling time arrived at about 20μs. When 
DWR decreased from 1 to 4:5 or 2:3, the resist would fill 
the recessed features in a form of double-peak mode at 
the early stage of imprinting.  
 
 
(a) 
 
(b) 
 
(c) 
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(d) 
 
(e) 
 
(f) 
Fig. 5. Relationships among peak height, width of peak-to-symmetric 
center line and filling time under different initial thickness conditions 
are shown. (a), (c), (e) the peak height versus filling time; (b), (d), (f) 
the peak-to-symmetric center line versus filling time 
For the resist film with thickness of 150 nm, the 
relationship among peak height, distance from peak to 
symmetric center line and filling time is described in 
Figure 5(c) and (d). Compared with Figure 5(a) and (b), 
as the initial resist thickness decreased to 150 nm, the 
recessed feature with DWR=1 would also be filled in a 
form of double-peak mode at initial stage, and the peak 
height was obviously greater than that for DWR=2:3 and 
4:5 at the corresponding filling time. At the same time, 
the double-peak pattern exhibited an obvious step shape 
(Fig 5(d)). As the initial thickness hr further decreased to 
100 nm, the recessed feature with different DWR values 
were all filled in a form of double-peak mode in the 
whole filling process.  
4.2. Comparison between simulation results and 
experimental data 
To test the validity of the numerical model, we 
establish a micro-scale numerical model according to the 
practical size of imprinting mold. The imprinting force is 
0.1MPa, the initial thickness of resist is 10 μm, and the 
diameter of fluorescent tracing particles is 500 nm. The 
specified tracing particle at the same position in 
numerical model and practical process was traced. The 
streamline of the specified tracing particle is shown in 
Figure 6. According to the photos and the pictures of the 
flow field inside the resist, the corresponding velocity 
vector and motion trajectory of this tracing particle is 
described in Figure 7. Compared with the prediction 
results in Figure 6, experimental data agreed well with 
the simulation results.  
 
 
Fig. 6. Streamline of the specified tracing particle 
 
(a) 
 
(b) 
Fig. 7. Velocity vector and motion trajectory of the specified tracing 
particle 
208   J. Du et al. /  Procedia CIRP  3 ( 2012 )  203 – 208 
 
5. Conclusions 
This paper took the resist flow behavior in UV-NIL 
as the research object, and CFD method was employed 
to simulate and predict the resist filling process. The 
effect of mold geometry on the filling behavior was 
investigated. The simulation and related experimental 
results agreed well with each other. The filling 
mechanism and influencing factors on the filling mode 
were revealed, and some useful conclusions were 
obtained as follows:  
x Under given initial thickness conditions, the effect of 
mold geometry on the resist filling behavior was 
investigated. The results indicated that the micro-
cavities are more inclined to be filled in a form of 
double-peak mode with the decrease of duty ratio, 
and the peak moved horizontally towards the 
centerline of recessed in a step-like way, and the 
smaller the duty ratio is, the more obvious the step 
effect of double-to-single conversion will be.  
x Through comparing, it is found that the prediction 
results are agree well with the experimental data.  
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